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AUXILIARY POWER UNIT CONTROL METHOD AND SYSTEM 

TECHNICAL FIELD 

[l] The present invention relates to aircraft engine controls, and more particularly to a 

control for an auxiliary power unit that augments the power of a main aircraft engine. 

BACKGROUND OF THE INVENTION 

[2] Auxiliary power units (APUs) are gas turbine engines often used in aircraft systems to 

provide pneumatic and shaft power in addition to a main propulsion engine. As is known in 
the art, a compressor in the APU pumps air into a combustor at a given engine cycle 
maximum pressure (i.e., some multiple of ambient pressure) so that the combustor burns fuel 
in a high pressure environment. The burning fuel in the combustor heats the air prior to 
passing through the turbine. Because the products of combustion expanded through the 
turbine, above idle fuel flow rate develops more power than needed to drive the cycle 
compressor, some air (referred to as "bleed air") can be drawn off and used as a pneumatic 
output for other aircraft devices. Excess shaft rotational speed on cold days causes the 
compressor efficiency to decrease because the cold air flow being pulled through the 
compressor makes the inlet air flow relative to the tips of the inlet blades in the compressor 
very fast, reaching velocities significantly higher than the speed of sound; that is, the 
compressor impeller blades see supersonic Mach numbers, driving the APU efficiency down. 

[3] Alternatively, the power can be used to drive a load compressor that compresses air in 

a separate stage, which is also driven by the powerhead components (i.e., compressor, 
combustor, and turbine stages). 

[4] Normally, the APU compressor and turbine are run at a constant mechanical shaft 

speed. Although a constant APU shaft speed keeps speed control simple, the ambient air inlet 
temperatures encountered by the APU can vary over a wide range during normal operation. At 
very low ambient temperatures, the APU compressor and turbine often experience lower 
efficiencies and narrower compressor flow ranges and consequent compressor/turbine 
matching problems. Extremely low temperatures also may cause excessive bleed air pressure. 
Although heavier and/or more complex, pneumatic systems may be designed to accommodate 
the additional pressure, this type of modification is cumbersome and expensive. Further, very 
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high ambient temperatures adversely affect APU power and efficiency by diminishing air 
flow rate, bleed air pressure, and the engine cycle pressure ratio. 
[5] Running the APU shaft faster on hot days and slower on cold days can improve the 

compressor and turbine efficiencies, but these adjustments may also cause mechanical 
vibration and resonance in the APU, increasing the likelihood of failures in the blade, disc and 
shaft. 

[6] There is a desire for a method and system that can optimize APU operation in extreme 

ambient temperature conditions without causing vibration and resonance in the APU. 

SUMMARY OF THE INVENTION 

[7] The present invention is directed to an adjustable APU system and method that allows 

the APU shaft speed to vary based on the inlet air temperature to the APU compressor. In one 
embodiment, the APU is controlled by a control law that allows the APU shaft speed to float 
within a selected range based on speed and electric generator phase matching criteria that 
provides smooth "no break" power transfer between the APU and a main engine generator. 
When free of the electric power phase matching and switching requirement, the specific APU 
shaft speed for a given temperature may be determined from a compressor map that identifies 
the optimum combination of pressure ratio, flow rate and efficiency for a given inlet 
temperature. 

[8] By adjusting the APU shaft speed based on the ambient temperature, the invention 

optimizes APU operation even in extreme temperature conditions by correcting the APU 
speed based on the inlet air temperature to the APU compressor. 

[9] 

BRIEF DESCRIPTION OF THE DRAWINGS 

[10] Figure 1 is a compressor map illustrating relationships between a pressure ratio and an 

inlet flow along lines of constant corrected speed; 
[11] Figure 2 is a flow diagram illustrating a method of controlling APU operating 

according to one embodiment of the invention; 
[12] Figure 3 is a graph illustrating a relationship between APU generator frequency and 

APU inlet temperature; and 
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Figure 4 is a graph illustrating a relationship between APU speed and APU inlet 
temperature. 

DETAILED DESCRIPTION OF THE EMBODIMENTS 

The present invention is generally directed to a method for varying an auxiliary power 
unit (APU) compressor performance based on the ambient temperature to optimize APU 
operation. Allowing the APU shaft speed to vary within a range, such as between 85% and 
107% of nominal speed, the invention allows the APU to run faster when the ambient 
temperature is high and slower when the ambient temperature is low. This range may be 
overridden to meet selected speed and or phase matching criteria so that or power is 
transferred smoothly between the APU and other sources of aircraft electric power. Further, 
some speeds may be prohibited, to maintain a steady acceptable level of stress on the APU 
components, such as the blades and discs, to prevent undesirable vibratory stress 
amplification at a mechanical resonance condition. The process itself can be implemented in 
any known fashion, such as in a processor. 

More particularly, the invention is directed to a method that runs the APU shaft near a 
constant corrected speed, which is expressed as a percentage of a design speed of the APU 
(i.e., 95%Nc represents a constant corrected speed that is 95% of the design corrected speed). 
The corrected speed %Nc reflects normalization of speed data to account for the ambient 
temperature of the air entering the compressor, allowing compressor performance to be 
expressed using normalized parameters. The corrected speed %Nc itself will be described in 
greater detail below with respect to Figure 1. 

The inventive method and system controls the APU to keep the APU running at a 
substantially constant corrected speed %Nc instead of a constant mechanical design speed. As 
can be seen in Equation 1 below, variations in the APU ambient inlet temperature requires 
variation in the shaft speed to keep the corrected speed %Nc constant, thereby optimizing the 
shaft speed for a given ambient inlet temperature. In one embodiment, the mechanical speed 
%Nm is allowed to vary between 85%Nm and 107%Nm to optimize the efficiency of the 
APU. Note that these ranges can be altered depending on the APU operating environment 
and the desired APU response to load and temperature changes. 
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[17] In the example below, it is assumed that the minimum mechanical speed Nmech of the 

APU shaft is 85% of the design speed (indicated as 85%Nmech). This lower threshold may be 
driven by factors in the operating environment of the APU, such as the desire to match the 
power frequency and phase of the APU with a main engine while transferring a power load 
between the two. This minimum speed may also be selected as a function of the ambient air 
temperature or the minimum mechanical speed at which the electric power transfer between 
the APU and the main engine takes place. 

[18] Further, the example below assumes that the maximum mechanical speed is 107% of 

design speed (indicated as 107 %Nmech). This maximum mechanical speed %Nmech is 
defined by, for example, the maximum APU speed that can still maintain a steady acceptable 
centrifugal stress in the blades and discs of the APU while avoiding vibrations due to 
resonance. 

[19] Figure 1 illustrates a compressor map that can be used to determine an optimum APU 

shaft speed for a given ambient temperature. In this example, the compressor map illustrates 
compressor performance by plotting a relationship between a stage pressure ratio PR (i.e., 
compressor outlet pressure divided by compressor inlet pressure) and corrected mass flow 
along lines of a corrected speed %Nc 104. As noted above, the constant corrected speed %Nc 
is expressed as a percentage of design corrected speed. The corrected speed and corrected 
mass flow indicate that the values have been normalized to standard environmental 
conditions, where in this example: 

Wdot = Air Mass Flow Rate (lb/sec) 

THETA = Inlet Air Temperature (deg Rankine)/518.7 deg Rankine 
DELTA = Inlet Air Pressure (psia) /14.7 psia 

%Nc = %Nmech/(THETA) A 0.5 Equation 1 

Wdot,corrected = Wdot x (THETA) A 0.5 / DELTA 
[20] The corrected speed %Nc 104 normalizes the speed of inlet blading in the compressor 

by accounting for the speed of sound, which is a function of the inlet air temperature. As a 
result, on a standard day at 100% speed, the corrected speed %Nc and the mechanical speed 
%Nmech are equal to each other. If the air inlet temperature is different from the standard 
conditions (59F = 518.7R), then the corrected speed %Nc will differ from the mechanical 
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speed %Nmech. In this example, the compressor map of Figure 1 shows a range of corrected 
speed %Nc between 93% and 118%. 

The compressor map also includes lines corresponding to constant compressor 
efficiencies 105. Each efficiency line indicates the ratio of ideal power divided by the actual 
compressor power required at the given flow and delivery pressure. As shown in the 
compressor map, the best possible efficiency for the APU in this example is slightly over 
75%. The way the turbine and the compressor in the APU match up when they are driven by 
the combustor in the APU is represented by an operating line 106. 

As shown in Figure 1, the APU operating parameters can be adjusted so that its 
corrected speed falls between 85%Nc and 106.7%Nc. The best area is 95%Nc to 105%Nc, 
shown in Figure 1 as an optimum region 110 having an optimum point 112 corresponding to 
an APU operating condition that maximizes the pressure ratio, flow and efficiency. In the 
illustrated compressor map, the operating line 106 runs directly through the optimum point 
112; thus, if the APU is operated at design pressure ratio and corrected flow at a corrected 
speed of 100%Nc, the APU will be operating near its maximum efficiency. 

Because it is difficult to maintain the APU operating parameters at exactly the 
optimum point 1 12, depending on bleed air and shaft power required, the optimum region 1 10 
allows some variation in the APU operation away from the optimum point 1 12, as can be seen 
in Figure 1. Increasing the corrected speed %Nc increases the flow and the pressure ratio 
slightly, but reduces the compressor efficiency. Similarly, reducing the corrected speed %Nc 
improves the efficiency slightly, but reduces the flow and pressure ratio, limiting the APU 
power output. The optimum region 1 10 is selected to cover a range of deviation that would 
still be considered near optimal APU performance. 

Note that there are cases where the constant mechanical speed APU will not be 
operated within the optimum region. For example, if the APU is required to generate a large 
amount of shaft power at a high altitude, where the air is cold and has a low density, the 
resultant temperature rise in the combustor of the APU under these conditions will reposition 
the operating line 106 toward the left. Further, higher altitudes (e.g., on the order of 25,000 
feet above sea level and above) will change the relationship between the pressure ratio and the 
flow at higher corrected speeds %Nc as well as reduce compressor and turbine efficiency. 
The operating point must not become too close to the surge line 108. As is known in the art, 
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compressor "surge" is an unstable and potentially destructive reversal of flow within the 
compressor. Thus, the optimum region 110 provides an operational target for the APU so that 
the APU speed can be adapted in the best possible way regardless of the actual operating 
conditions. 

[25] Figure 2 is a flow diagram summarizing the APU adjustment process according to one 

embodiment of the invention. The actual parameters can be measured and calculated using 
any known devices or systems. First, the inlet ambient temperature is measured (block 200) 
along with the current APU operating parameters, such as the APU speed, pressure ratio, and 
flow (block 202). The APU corrected speed is then calculated according to Equation 1 (block 
204) and checked to determine whether it falls in the optimum region (block 206). If all of the 
measured parameters indicate that the APU is operating within the optimum region, including 
the constant corrected speed %Nc, then the APU continues to operate at its constant corrected 
speed %Nc. 

[26] If the current APU corrected speed is outside the optimum region, however, this 

indicates that the APU is not operating at its peak efficiency, pressure ratio, and flow for the 
given ambient temperature. The method therefore identifies the speed that should be adjusted 
to bring the APU operation back within optimum range (block 208) For example, if the APU 
is operating at a speed that causes the corrected speed %Nc to fall outside of the optimum 
region 110, the APU mechanical speed is increased or decreased to change the corrected 
speed. 

[27] Note that if the mechanical speed %Nmech needs to be lowered below the optimum 

region 110 to carry out a power transfer between the APU and the main engine, the constant 
corrected speed may be overridden by the mechanical speed. As noted above, the mechanical 
speed can be as low as 85% of the design speed (or 85%Nmech), which is lower than the 
95%Nc minimum of the corrected speed in this embodiment. Once the power transfer is 
complete, the APU control method shown in Figure 2 may be resumed to keep the corrected 
speed %Nc within the optimum region 110. The APU no-load (idle) speed may be set at or 
about 85%Nc also. 

[28] Figure 3 illustrates one example of a relationship between the APU generator 

frequency and the inlet temperature, and Figure 4 illustrates one example of a relationship 
between the APU speed and the inlet temperature. As can be seen in these figures, these 
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relationships are linear with the square root of absolute inlet temperature into the compressor, 
making it easy to predict and control APU speed and frequency as a function of the ambient 
temperature. Figures 3 and 4 are used as starting points to generate the compressor map of 
Figure 1 and the values for the optimum region 1 10. As noted above, the generator frequency 
is driven by the APU shaft speed and the APU shaft speed is driven by temperature. The 
figures show the APU operation if left to operate on its own, without any outside control, as 
the temperature changes. These operating characteristics are the motivation for running the 
APU at the constant corrected speed Nc in the compressor portion of the APU. 
[29] In this example, the nominal generator frequency for most aircraft systems is 400 Hz. 

As shown in the Figures, the APU operates at a variable speed that changes with temperature 
so that the APU runs faster on hot days and slower on cold days. More particularly in this 
example, the APU operates near a linearly increasing frequency and shaft speed until the 
temperature reaches around 131 degrees Fahrenheit; at that point, the frequency and shaft 
speed stay flat for higher temperatures. In this example, the anticipated maximum temperature 
is 131 degrees Fahrenheit, the anticipated minimum temperature is around -97 degrees 
Fahrenheit, and the corresponding generator frequency range between 458 Hz and 360 Hz 
(Figure 3). 

[30] Thus, by varying the APU shaft speed based on the ambient temperature so that it runs 

at a generally constant corrected speed Nc, the invention can optimize APU operation based 
on the ambient inlet temperature. Running the APU at a constant temperature-based corrected 
speed rather than a fixed mechanical speed ensures that the APU can run at maximum 
efficiency, maximum flow, and best pressure ratio even if the ambient temperature changes. 
Further, providing an optimum operating region provides a target operating range for the APU 
so that it can adjust its speed, pressure ratio and/or flow a known amount if the APU drifts 
outside the optimum region 110. 

[31] It should be understood that various alternatives to the embodiments of the invention 

described herein may be employed in practicing the invention. It is intended that the 
following claims define the scope of the invention and that the method and apparatus within 
the scope of these claims and their equivalents be covered thereby. 
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